Background: Manganese (Mn) is an essential metal that can become neurotoxic at elevated levels with negative consequences on neurodevelopment. We have evaluated the influence of single nucleotide polymorphisms (SNPs) in Mn transporter genes SLC30A10 and SLC39A8 on Mn concentrations in dentine, a validated biomarker that reflects Mn tissue concentrations early in life. Methods: The study included 195 children with variable environmental Mn exposure. Mn concentrations in dentine representing fetal, early postnatal and early childhood developmental periods were measured using laser ablation-inductively coupled plasma mass spectrometry. SLC30A10 rs12064812 (T/C) and SLC39A8 rs13107325 (C/T) were genotyped by TaqMan real time PCR and SLC30A10 rs1776029 (G/A) by pyrosequencing; and SNPs were analyzed in association with Mn in dentine. Results: SLC39A8 rs13107325 rare allele (T) carriers had significantly higher Mn concentrations in postnatal dentine (110%, p = 0.008). For all SNPs we also observed non-significant associations with Mn concentrations in dentine in opposite directions for fetal and early postnatal periods. Furthermore, there were significant differences in the influence of SLC30A10 rs1776929 genotypes on Mn concentrations in dentine between sexes. Discussion: The findings from this study indicate that common SNPs in Mn transporters influence Mn homeostasis in early development and may therefore be important to consider in future studies of early life Mn exposure and health effects. Our results also suggest that the influence of these transporters on Mn regulation may differ by developmental stage, as well as between girls and boys.
Introduction
Manganese (Mn) is an essential nutrient involved in a number of physiological processes in humans (Jitrapakdee et al., 2008; Reddi et al., 2009; Takeda, 2003) . Mn is required for normal brain function but can become neurotoxic at elevated concentrations (Tuschl et al., 2013 ) and there appears to be a narrow window between deficiency, essential dose and toxicity in early neurological development (Claus Henn et al., 2010) . Elevated internal Mn can occur via exposure from a range of sources including naturally elevated levels in drinking water and exposure from soil, air and dust as a consequence of industrial pollution (Boudissa et al., 2006; Pavilonis et al., 2015) . Animal and human studies have shown that Mn crosses the placenta (Krachler et al., 1999) and maternal exposure may therefore reach the fetus.
Several studies have suggested that environmental Mn exposure can interfere with children's neurodevelopment and has been linked to cognitive, motor and behavioral deficits (Zoni and Lucchini, 2013) , and may also modify the neurotoxic effects of other metals, including lead (Claus Henn et al., 2012) . Several studies have also shown sex differences in the health effects of Mn exposure (Gunier et al., 2015; Menezes-Filho et al., 2011; RiojasRodriguez et al., 2010) , suggesting that there may be important differences in Mn homeostasis and toxicity between girls and boys. Furthermore, studies in animals and humans have indicated differences in the effects of exposure related to the developmental stage at which the exposure was experienced (Betharia and Maher, 2012; Gunier et al., 2015; Mora et al., 2015) .
In addition to the effects of exposure, internal manganese concentrations can be influenced by variations in genes involved in Mn regulation. Recent studies have shown that common single nucleotide polymorphisms (SNPs) in Mn transporter genes SLC30A10 (efflux transporter) and SLC39A8 (influx transporter) modify Mn concentrations in adults and are also associated with neurological symptoms (Ng et al., 2015; Pickrell et al., 2016; Wahlberg et al., 2016) . These finding suggests that SNPs in Mn transporters may influence the brain, possibly via interference with Mn homeostasis.
In the presents study we have investigated the influence of common SNPs in transporter genes SLC30A10 and SLC39A8 on Mn concentrations in tooth dentine from early childhood and evaluated potential differences in genetic influence between different developmental stages (prenatal, early postnatal and early childhood) and between sexes. For this purpose we have applied newly-developed and validated tooth-matrix Mn biomarkers that can directly measure prenatal and early childhood Mn uptake and which has been shown to reflect early-life Mn exposure (Arora et al., 2012) . We undertook this study in a wellcharacterized study of Italian children (n = 195) with different background exposures to Mn.
Methods

Study population
The full study cohort consists of 721 adolescents, aged 10-14 years, residing in the three different districts of Valcamonica valley, Bagnolo Mella and Lake Garda within the Province of Brescia, Italy. Valcamonica has a long history of ferromanganese alloy plants which were active in the period 1902-2001, while Bagnolo Mella has ongoing exposure from a plant that has been active since 1973. In contrast, Lake Garda has no history of ferroalloy plants. A first round of recruitment including 311 children from Valcamonica and Lake Garda was completed in 2010 and included sampling of air, water,soil and dust and biomarkers blood, urine, saliva, hair and nails. A second round of recruitment of 410 children from Valcamonica, Lake Garda and Bagnolo Mella took place 2010-2014 and for some of these children shed baby teeth were collected for analysis for metals.
Mn exposure of these children has been carefully monitored by measurements of Mn concentrations in samples from the their home environment and shown increased Mn concentrations in samples from the Valcamonica and Bagnolo Mella compared to Lake Garda (Borgese et al., 2011 (Borgese et al., , 2013 Lucas et al., 2015) . The children have also undergone comprehensive neurological and neuropsychological testing at adolescent age, including tests for IQ, motor function and behaviour; however, neurological outcomes were not in included in the present study. Sex of the child was reported in connection with neurological testing. The study design, information about study aims and forms for informed consents were reviewed and approved by the ethics committees of the local Public Health agencies of Valcamonica and Brescia, and carefully explained to participants before recruitment. The present study involves a sub-cohort of 195 children for which Mn concentrations in teeth were measured.
Tooth metal analysis
Our approach to measuring metals in teeth using laser ablationinductively coupled plasma mass spectrometry (LA-ICP-MS) and assigning developmental times has been detailed elsewhere (Arora and Austin, 2013; Austin et al., 2013) . Briefly, we used the neonatal line (a histological feature formed in enamel and dentine at birth) and daily growth incremental markings to assign temporal information to sampling points. The neonatal line (or birth line) provides a landmark that distinguishes the prenatal and postnatal compartments of teeth. Additional microscopic analysis allows us to identify specific regions of teeth that develop at different ages. These regions of teeth are then sampled using a laser coupled with a mass spectrometer (Arora and Austin, 2013; Austin et al., 2013) . Prenatal dentine was sampled from primary dentine (cuspal to the neonatal line) that forms during the second trimester until birth. Postnatal dentine was sampled from primary dentine (cervical to the neonatal line) that forms from birth to approximately 1.5-11 months of age depending on tooth type. Early childhood dentine was sampled from secondary dentine that forms from 1.5-10 years of age depending on tooth type (Berkovitz et al., 2009 under 0.3%. The NIST SRM 612 glass standard was run every day to tune the instrument and multiple times during the day to check for signal stability. Ca was also used as an internal standard to account for variation in the mineral content of teeth and any signal drift between runs. Using the laser we sampled 30 sampling points in primary dentine and 10 sampling points in secondary dentine. Data were analyzed as 55 Mn: 43 Ca ratios to control for any variations in mineral content within a tooth and between samples. The limit of detection (LOD) was 0.001 55 Mn: 43 Ca.
Genetic analysis
Briefly, DNA was extracted from whole blood using the QIAamp DNA Blood Mini kit (Qiagen, Hilden, Germany). Genotyping of rs12064812 and rs13107325 was performed by TaqMan Real Time PCR using predesigned assays (Thermo Scientific assay IDs C_32155052_10 and C___1827682_10 respectively) as previously described (Wahlberg et al., 2016) . Reactions were performed in 5 ml total volumes containing 10 ng of DNA, and analysed on the ABI 7900HT Fast Real Time PCR System (Applied Biosystems, Thermo Fisher, Waltham, USA), using manufacturer's recommended standard conditions. Rs1776029 was genotyped using pyrosequencing due to its location in a repeat region. This SNP is highly linked to rs2275707 in this cohort, and due to its location in a genomic region with signatures of regulatory elements (i.e. histone acetylation and DNAse I hypersensitivity), it is the more likely causative variant of the two and was therefore selected in this study. The assay was designed by PyroMark Assay Design 2.0 software (Qiagen, Germany) with primers targeting sequences flanking the repeat, which allowed the generation of a specific PCR product for sequencing. The following primer sequences were used: forward primer 5 0 TTAGTCATACCATGGGTCATGTCT, reverse primer (biotinylated) 5 0 ACTCTTGGAAGGCATGATGATT and sequencing primer 5 0 CTCCTGCCTCAGCCT. PCR and sequencing was performed using the PyroMark reagents and PSQ HS96 Pyrosequencing System (Qiagen) according to manufacturer's recommended protocol.
For all SNPs, >5% of samples were re-analysed to verify genotypes with a 100% agreement between duplicate. Data quality was also assessed by evaluating Hardy-Weinberg equilibrium using the conventional Chi-Square test.
Statistical methods
Differences in area of residency and allelic distribution between sexes were evaluated using Chi-square test and differences between Mn concentrations in dentine and sex by Mann-Whitney test.
The dentine Mn biomarker provides data as 55 . These data were explored using univariate scatter plots to identify potential outliers. Subsequently, area under the curve was calculated for prenatal and postnatal time periods to estimate cumulative Mn exposure during these periods. For the cumulative childhood time measure, an average of ten measurements was used as each sampling point approximated the same time period in secondary dentine.
Given that dentine Mn concentrations were not normally distributed, log transformations were used to achieve a more balanced distribution; however, the data still failed to meet assumptions of normality for postnatal and early childhood dentine. Accordingly, two statistical approaches were used to analyze associations between genotypes and Mn: for prenatal dentine, general linear models with ln-transformed values were used while for postnatal and early childhood dentine, nonparametric tests (Kruskal-Wallis or Mann-Whitney) were used. Separate analyses were performed for each age period and, in some analyses, stratified for each sex. Due to a low representation of rare allele homozygotes (TT) for rs13107325 (only 2 individuals), these were combined with the heterozygotes in associations analyses to generate a group representing all carriers of the rare allele.
In order to test for interactions among sex and genotype, an additional analytical approach was implemented whereby Mn values in dentine were dichotomized relative to the median and tested in generalized (logistic) linear models. Factors included in these models included genotype, sex, developmental stage (prenatal, postnatal, early childhood), and genotype*developmental stage and genotype*sex interactions, with development status modeled as a random (within-subjects repeated measures) factor.
We used two sided p-values and considered our results to be marginally significant at p < 0.1 and significant at p < 0.05. Where interactions in regression models yielded significant effects, raw pvalues and bonferroni-adjusted p-values were reported for post hoc pairwise comparisons.
Results
Cohort characteristics
In Table 1 , characteristics are presented for children with measurements for at least one of the three dentine markers. The distribution of the children's residency was fairly even between the three study sites and 75% of children resided in exposed regions (Bagnolo Mella and Valcamonica). For all three SNPs (SLC30A10 rs1776029, rs12064812; SLC39A8 rs13107325), the distributions of genotypes in the cohort were in Hardy-Weinberg equilibrium and allele frequencies were in agreement with publically available data for European populations from the National Centre for Biotechnology Information (NCBI, 2017). We did not observe any significant differences between girls and boys in respect to area of residency, Mn concentrations in dentine or allele frequencies.
Associations of SNPs in Mn transporter genes with Mn concentrations in dentine
Mn concentrations in dentine representing prenatal period, early postnatal and early childhood periods were analyzed in association with genotypes and presented in Figs. 1-3 . We observed noticeable differences in the associations between dentine Mn concentrations and genotypes between sexes, particularly for rs1776029 in the Mn efflux transporter gene SLC30A10 (see Section below); therefore, in addition to analyses of all children together, we also evaluated associations separately for girls and boys.
SLC30A10 rs1776029
For rs1776029, we observed that the rare allele (A) was weakly associated with decreased Mn concentrations in prenatal dentine for all children and the association was mainly represented by the boys (Fig. 1) . The A-allele was also weakly associated with increased Mn in postnatal dentine. However, none of these associations were significant. For early childhood dentine, we observed opposite, but non-significant, associations for girls and boys. The rare allele homozygotes showed a weak association with decrease Mn concentrations for boys and increased Mn concentrations for girls compared to the common allele homozygotes. 
SLC30A10 rs12064812
Compared to rs1776029, rs12064812 showed opposite directions of associations with dentine Mn; the rare allele (C) was weakly associated with increased Mn concentrations in prenatal dentine and decreased Mn in postnatal dentine (Fig. 2) . The increase in Mn concentrations associated with the C allele in postnatal dentine was represented by a marginally significant increase of 37% (p = 0.067) for the girls, while little association was observed for the boys. For postnatal dentine, the negative association of the rare allele with Mn concentrations was mainly represented by a marginally significant decrease of 69% for the boys (p = 0.077). As for rs1776029, we observed opposite but nonsignificant associations of early childhood dentine Mn concentrations with genotypes between girls and boys, however, in contrast to rs1776029, the rare allele was associated with increased Mn in boys and decreased Mn in girls.
SLC39A8 rs13107325
For rs13107325 in the Mn in`flux transporter SLC39A8, we observed that the rare allele (T) was weakly negatively associated with Mn concentrations in postnatal dentine, however not significantly (Fig. 3) . In contrast, the T-allele was significantly positively associated with Mn concentrations in postnatal dentine for all children (110%, p = 0.008) with the strongest association observed for boys (121%, p = 0.039). We did not observe any noteworthy associations of rs13107325 genotypes with Mn concentrations in dentine representing early childhood.
Interactions of genotypes with sex and developmental stages
Additional analyses were undertaken to test for interactions between genotype and sex, as well as between genotype and developmental stage in multivariate models. For rs1776029, we found no differences between Mn in dentine from different developmental stages (i.e. prenatal, postnatal and early childhood), but genotype differences were embedded in a sex-dependent interaction (genotype*sex interaction p < 0.0048) with significant differences between girls and boys in dentine Mn within the GG and GA genotypes (for GA only pre-Bonferroni adjustment) (Table 2) , which supported the sex-differences observed from associations analyses between genotypes and Mn in dentine.
For rs13107325, a marginally significant interaction was observed between genotype and developmental stage (prenatal vs postnatal; p < 0.064), which supported differences in genotypedentine Mn associations between different developmental stages observed from associations analyses, though we did not confirm this with additional post-hoc tests as the underlying interaction was only marginally significant. No significant interactions were observed for SLC30A10 rs12064812.
Discussion
In this study we have evaluated three SNPs in Mn transporter Mn transporter genes SLC30A10.... SLC30A10 and SLC39A8 that have previously been shown to have a significant influence on blood Mn concentrations in adults and have also been associated with neurological symptoms (Ng et al., 2015; Pickrell et al., 2016; Wahlberg et al., 2016) . This is however the first study evaluating the influence of these SNPs on Mn regulation in early-life human development and we have observed interesting consistent patterns of associations between these SNPs with Mn concentrations in dentine representative of different early life stages.
Firstly, for all dentine markers, we observe consistently opposite directions of associations for the rs1776029 and rs12064812 rare alleles with Mn concentrations. This pattern is in line with previous studies which have shown that rs1776029 rare allele (A) (representing rs2275707 allele C by linkage) is associated with decreased SLC30A10 gene-expression levels and increased Mn concentrations in blood, while, in contrast, rs12064812 rare allele (C) is weakly associated with increased SLC30A10 gene-expression and decreased Mn concentrations in blood (Wahlberg et al., 2016) . These findings indicate that these two non-coding SNPs may alter different gene-regulatory elements and exert opposite effects on SLC30A10 gene-expression, thereby influencing Mn transport capacity differently.
We also observed consistently different trends of genotypic influence on Mn concentrations between prenatal and postnatal dentine. Postnatal dentine showed associations of Mn concentrations with rs1776029 genotypes that are consistent with patterns previously observed in blood of adults where rs1776029 rare allele (A) was associated with higher Mn and rs12064812 rare allele C with lower Mn (Ng et al., 2015; Wahlberg et al., 2016), while for prenatal dentine, the associations were in opposite directions. We hypothesize that this pattern could reflect the new conditions experienced by the child after birth in respect to nutritional uptake and homeostasis. We propose that the influence that we observe in the prenatal dentine may in fact be a weak reflection of the maternal genotype which could be the determinant influencing factor on fetal nutritional status, by affecting the transfer of Mn from mother to child. For instance, the SLC30A10 rs1776029 rare allele (A) has previously been associated with increased Mn concentrations in whole blood as an indication of reduced Mn efflux capacity (Wahlberg et al., 2016) . Mothers carrying this allele may have the majority of Mn trapped in the cells and less Mn available for transfer over the placenta with lower fetal Mn concentrations as a consequence. Due to low expression of SLC30A10 in placenta (Genevestigator, 2017; IST online2017) , it is less likely that the associations reflect the involvement of SLC30A10 in placental transfer of Mn. A stronger influence of the mother's SLC30A10 genotype over the child's own genotype in fetal life is also supported by low gene-expression of SLC30A10 in fetal mice with an upregulation around birth (Genevestigator, 2017) . In postnatal life, the observed associations may instead reflect the child's own capacity of Mn efflux. For rs12064812, the opposite mechanism to rs1776029 could then possibly explain the observed associations, with less Mn bound to the cells and available for transfer in the mother during the fetal period and increased efflux ability by the child in the postnatal period.
The reduced Mn concentrations observed in association with the SLC39A8 influx transporter rare allele (T), which has previously been associated with reduced blood Mn, may reflect lower Mn status in the mother due to her reduced Mn uptake ability and/or a consequence of the fetal genotype causing reduced efficiency of Mn uptake in the fetus. In contrast to SLC30A10, SLC39A8 is highly expressed in human placenta and during the fetal period in mice (Genevestigator, 2017) , and may thus be involved in placental transfer of Mn. The strong positive association of this allele with Mn concentrations in the postnatal period is however more difficult to explain; it may be a compensatory reaction to a deficiency in fetal life.
Furthermore, we observe differences in the associations of SNPs in Mn transporters between girls and boys. Generally women in menstruating ages are known to absorb more Mn concentrations than men due to lower iron stores (Finley et al., 1994) , which allows increased uptake of Mn via shared transporters such as DMT1 (Au et al., 2008) . However, several other studies have shown differences between sexes in Mn related neurotoxic also in early life (Gunier et al., 2015; Mora et al., 2015; Riojas-Rodriguez et al., 2010) . Using the same tooth matrix Mn biomarker as the current study, Mora et al. and Gunier et al. showed that girls were generally more sensitive to early life Mn exposure than boys. The mechanisms behind potential sex differences in Mn toxicity in early life are not established-it may be differences in Mn uptake and regulation as suggested here, possibly due to different nutritional demands between girls and boys at certain developmental periods. It has also been suggested that there may be differences between sexes in how metals influences the central nervous system such as interactions with hormones and neurotransmitters (Llop et al., 2013) .
Many of the associations described in this study are weak and do not reach significance which may be due to lack of statistical power in the relative small study cohort, the major weakness of the study. The limited power available in this sample is particularly relevant to the analysis of developmental stage-and sex-based interactions, which we accordingly consider exploratory. Nonetheless our detection of significant effects and statistical trends (i.e., where 0.05 < p < 0.1) suggests effects that should be explored in greater detail in future studies. Further, the validity of the associations is supported by the observation of consistent trends which are also in agreement with previous studies of genotypes vs Mn concentrations in adults (i.e. opposite directions for rs1776029 and rs12064812 rare alleles). Another weakness of the study is that exposure was only measured for the study participants in later childhood and we therefore lack exposure data for fetal and early childhood periods when the analyzed dentine was generated. We can therefore not evaluate whether the SNPs modify the relationship between exposure and internal Mn concentrations in early life and thereby potentially contribute to differences in the sensitivity to exposure between individuals which would have provided interesting information on the importance of these SNPs for gene-environment interactions. The strength of the study is the advanced methodology of using teeth Mn biomarkers allowing us to study early human development in a unique and non-invasive manner. Tooth Mn measures have been validated in human and animal studies and are a direct fetal biomarker of exposure (Andra et al., 2016) . Having multiple time points of fetal exposure, as opposed to a single measure, allowed us to uncover developmental stage specific differences in Mn uptake across genotypes, something that has not been reported before.
Conclusions
In conclusion, the results from this study suggest that common SNPs in Mn transporter genes may be important contributors to Mn concentrations in early human development and that their influence on Mn concentrations may differ between developmental stages as well as between sexes. These SNPs are therefore be important to consider in studies of early-life Mn exposure as they could contribute to differences in the sensitivity to exposure between children.
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